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media. 
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utes  to  growth  of  nanoshell 
structure. 

►  This  work  offers  a  new  route  to 
designing  and  developing  new 
kinds  of  NPMCs. 
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In  this  paper,  a  novel  non-precious  metal  catalyst,  W-N-C,  for  oxygen  reduction  reaction  (ORR),  has 
been  synthesized  via  the  pyrolysis  of  polyaniline-coated  tungsten  carbide  particles.  The  electrocatalytic 
measurements  show  that  the  W— N— C  catalyst  exhibits  a  high  catalytic  activity  and  long-term  stability 
for  ORR  in  acid  media.  The  ORR  onset  potential,  half-wave  potential,  and  diffusion-limited  current 
density  of  W-N-C  catalyst  are  measured  at  0.82  V,  0.55  V,  and  1.54  mA  cm-2,  respectively.  TEM  and  XPS 
measurements  indicate  that  the  W-N-C  catalyst  has  nanoshell  structure  and  a  high  ratio  of  the  graphitic 
N,  which  are  responsible  for  high  ORR  activity  and  stability. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  high  efficiency,  low  temperature  of  operation,  and  zero 
emission,  the  proton  exchange  membrane  fuel  cells  (PEMFCs)  have 
been  considered  as  one  of  the  most  promising  energy  conversion 
technologies.  It  is  well  known  that  platinum  is  still  regarded  as  an 
ideal  cathode  in  PEMFCs  for  its  excellent  catalytic  activity  for  ORR. 
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However,  the  issues  of  limited  resources,  high  price  and  low 
tolerance  to  CO  poisoning  limit  Pt  cathode  application  [1,2].  In 
order  to  decrease  the  cost  of  catalysts  and  eliminate  their  depen¬ 
dence  on  precious  metal,  developing  non-precious  metal  catalysts 
(NPMCs)  is  essential  for  the  commercialization  of  PEMFCs 
technology. 

Up  to  date,  several  types  of  NPMCs  such  as  Fe/N/C  or  Co/N/C 
catalysts  [3,4],  conductive  polymers  [5,6],  transition  metal  chal- 
cogenides  [7,8],  metal  carbides  and  nitrides  [9,10]  have  been 
demonstrated  as  catalysts  for  ORR.  Compared  with  other  NPMCs, 
conductive  polymers  such  as  polyaniline  (PANI),  polypyrrole,  and 


250 


I<.  Jiang  et  al.  /  Journal  of  Power  Sources  219  (2012)  249-252 


polythiophen  have  attracted  great  interest  due  to  their  low  cost, 
high  electronic  conductivity  and  distinct  redox  properties  for  ORR 
[11,12].  Especially,  much  attention  has  been  paid  to  the  PANI 
because  of  its  facile  synthesis,  environmental  stability,  and  simple 
doping/dedoping  chemistry  [13].  On  one  hand,  PANI  as  a  precursor 
material  for  Fe/N/C  or  Co/N/C  catalysts  displays  very  promising 
ORR  activity  and  stability  [14],  but  PANI  alone  has  low  ORR  activity 
[6].  On  the  other  hand,  tungsten  carbide  (WC)  has  been  used  as 
a  catalyst  because  of  its  platinum-like  electron  structure,  stability 
in  acidic  solutions,  and  resistance  to  CO  poisoning  [15,16]. 
However,  utilizing  WC  as  a  catalyst  for  ORR  also  has  poor  catalytic 
activity  [9].  To  the  best  of  our  knowledge,  there  have  been  no 
attempts  so  far  to  utilize  a  hybrid  material  of  PANI  and  WC  as 
a  catalyst  for  ORR. 

In  this  work,  W-N— C  catalyst  for  ORR  was  synthesized  via 
the  pyrolysis  of  PANI-coated  WC  particles.  While  PANI  or  WC 
alone  has  poor  catalytic  activity,  their  hybrid  exhibits  an  excel¬ 
lent  catalytic  activity  toward  ORR  after  pyrolysis.  This  work 
offers  a  new  route  to  designing  and  developing  new  kinds  of 
NPMCs  for  ORR. 

2.  Experimental 

2.1.  Synthesis  of  catalysts 

The  PANI-coated  WC  particles  were  synthesized  by  in-situ 
polymerization  method.  WC  (1  pm  diameter)  was  treated  in 
H2S04  solution  for  12  h  4.0  mL  aniline  was  first  dispersed  with  0.9  g 
acid-treated  WC  in  0.5  M  H2SO4  solution.  The  suspension  was  kept 
below  10  °C  while  the  oxidant  (ammonium  peroxydisulfate)  was 
added.  After  constant  mixing  for  12  h  to  allow  the  polymerized 
PANI  to  uniformly  mix  and  coat  the  WC  particles,  the  suspension 
was  washed  and  filtrated  by  0.5  M  H2SO4  solution  and  deionized 
water.  The  obtained  solid  product  was  denoted  as  PANI-WC.  Then, 
PANI-WC  was  pyrolyzed  at  1000  °C  in  nitrogen  gas  for  1  h.  The  final 
sample  was  denoted  as  W-N— C. 


Fig.  2.  XRD  patterns  of  W-N-C  and  PANI-WC. 


2.2.  Physical  and  electrochemical  characterizations 

Samples  morphology  was  analyzed  by  transmission  electron 
microscopy  (TEM)  using  a  JEM  2100  instrument  at  200  kV.  The 
crystal  structure  of  the  samples  were  identified  by  X-ray  diffraction 
(XRD)  using  a  Bruker  D8  Advance  X-ray  diffractometer  with  Cu  Ka 
(0.15406  nm)  radiation.  X-ray  photoelectron  spectroscopy  (XPS) 
experiments  were  performed  with  a  PHI5500  spectrometer  using 
Mg  Ka  (1253.6  eV)  radiation.  Spectral  correction  was  based  on 
adventitious  carbon,  using  the  Cls  binding  energy  of  284.8  eV. 

Rotating  disk  electrode  (RDE)  voltammetry  was  tested  in 
a  conventional  three-electrode  system.  A  platinum  wire  and  a  Ag / 
AgCl  electrode  were  used  as  the  counter  and  reference  electrode, 


Fig.  1.  TEM  images  of  W-N-C:  (A)  WC  particle;  (B)  W  nanoparticles  and  inset:  HR-TEM  image  of  W  nanoparticle;  (C)  W  nanoparticle  coated  by  carbon  layer  of  amorphous 
microstructures;  (D)  W  nanoparticle  coated  by  well-aligned  graphitic  layers. 


K.  Jiang  et  al.  /  Journal  of  Power  Sources  219  (2012)  249-252 


251 


respectively.  All  potentials  here  were  transferred  to  refer  to  the 
reversible  hydrogen  electrode  (RHE).  The  catalyst  ink  was  prepared 
by  ultrasonically  mixing  6  mg  of  PANI-WC  with  950  pL  of  isopropyl 
alcohol  and  50  pL  of  5  wt.%  Nation  solution  for  30  min.  10  pL  of  the 
suspension  was  deposited  onto  a  polished  tip  of  a  glassy  carbon 
disk  (4.0  mm  diameter  and  0.48  mg  cm-2  catalyst  loading)  and 
dried  at  room  temperature.  All  electrochemical  measurements 
were  performed  at  room  temperature  in  the  RDE  electrochemical 
cell  and  0.5  M  H2S04  solution  as  electrolyte.  The  ORR  current  was 


determined  by  subtracting  the  N2  current  from  the  02  current.  For 
comparison,  a  commercially  available  Pt/C  catalyst  (20  wt.%  Pt, 
Johnson-Matthey)  was  used  under  the  same  conditions. 

3.  Results  and  discussion 

3.1.  Physical  characterizations  of  the  W-N-C  catalyst 

TEM  images  of  W— N— C  catalyst  are  shown  in  Fig.  1.  In  Fig.  1A,  it 
can  be  seen  that  WC  particles  are  covered  by  a  carbon  layer.  As 
shown  in  Fig.  IB,  the  particles  are  dispersed  on  carbon  surface  and 
the  average  size  of  the  particles  is  about  10  nm.  The  HR-TEM  image 
of  Fig.  IB  shows  that  the  lattice  parameter  of  nanoparticle  is 
0.224  nm,  which  corresponds  to  the  W  (110)  plane.  Fig.  1C  shows 
that  W  nanoparticle  is  coated  by  carbon  layer  of  amorphous 
microstructures,  while  Fig.  ID  shows  that  W  nanoparticle  is  coated 
by  well-aligned  graphitic  layers.  In  previous  studies,  metal  species, 
such  as  Fe,  Co  and  Ni,  are  often  employed  as  catalysts  for  the 
controlled  formation  of  various  forms  of  carbon  nanostructures 
[17-21].  However,  from  the  above  observations,  we  also  observe 
the  nanoshell  morphology  in  the  W-N-C  catalyst.  This  suggests 
that  the  presence  of  W  species  contributes  to  growth  of  nanoshell 
structure  of  W-N-C  catalyst  during  pyrolysis  process. 

XRD  patterns  of  W— N— C  and  PANI— WC  are  presented  in  Fig.  2. 
Obviously,  the  samples  contain  different  phase  structures.  The 
patterns  of  two  samples  show  the  typical  diffraction  peaks  of  WC 
phase  (JCPDS  No.  25-1047).  Moreover,  a  small  peak  is  also  found  at 
about  25.2°  in  the  pattern  of  PANI-WC,  which  can  be  attributed  to 
PANI  [22].  However,  this  peak  disappears  in  the  pattern  of  W-N— C, 
which  suggests  that  the  PANI  is  decomposed  after  pyrolysis.  The 
diffraction  peaks  of  W-N-C  located  at  40.2°,  58.3°  and  87.0°  in  the 


Fig.  4.  (A)  The  ORR  polarization  curves  of  WC,  PANI,  PANI-WC  and  W-N-C  in  oxygen-saturated  0.5  M  H2S04  solution  at  5  mV  s-1  and  900  rpm.  (B)  The  ORR  polarization  curves  of 
W-N-C  at  various  rotating  speeds.  Inset  is  the  corresponding  Koutecky-Levich  plots.  (C)  Tafel  slope  of  W-N-C  derived  by  the  mass-transport  correction  of  corresponding  RDE 
data  (see  Fig.  4A).  (D)  Current-time  ( i—t )  chronoamperometric  responses  of  W-N-C  and  Pt/C  in  oxygen-saturated  0.5  M  H2S04  solution  at  5  mV  s-1  and  900  rpm. 
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patterns  can  be  attributed  to  crystalline  W  (JCPDS  No.  4-806), 
which  indicates  that  WC  phase  partially  transforms  into  W  phase 
after  pyrolysis. 

Fig.  3  shows  the  XPS  spectrum  of  Nls  region  for  W— N— C  cata¬ 
lyst.  The  N/C  atomic  ratio  is  1.9  at.%  at  the  surface  of  W-N-C 
catalyst.  The  Nls  spectra  can  be  deconvoluted  into  four  peaks, 
which  are  assigned  to  N  oxide  (402.7  eV,  8.1  at.%),  graphitic  N 
(401.2  eV,  52.2  at.%),  pyrrolic  N  (399.8  eV,  26.8  at.%)  and  pyridinic  N 
(398.1  eV,  12.9  at.%)  [23,24].  From  the  deconvolution  results,  it  is 
clear  that  the  W-N-C  catalyst  shows  a  high  ratio  of  graphitic  N 
(52.2%). 

3.2.  Electrochemical  characterizations  of  the  W—N—C  catalyst 

The  ORR  polarization  curves  of  WC,  PANI,  PANI-WC,  W-N-C  and 
Pt/C  are  shown  in  Fig.  4A.  It  is  shown  that  PANI,  WC  and  PANI-WC 
have  a  poor  ORR  activity,  while  W-N— C  catalyst  exhibits  surpris¬ 
ingly  high  ORR  activity  in  acid  media.  Flowever,  it  can  also  be  seen 
that  the  W-N-C  catalyst  shows  a  lower  performance  than  that  of  Pt / 
C.  The  ORR  onset  potential,  half-wave  potential,  and  diffusion-limited 
current  density  of  this  catalyst  are  0.82  V,  0.55  V,  and  1.54  mA  cm-2, 
respectively.  The  high  ORR  activity  can  be  attributed  to  the  presence 
of  nanoshell  structure  [  19,21  ]  and  a  high  ratio  of  graphitic  N  [25,26]  in 
the  W-N— C  catalyst.  Fig.  4B  shows  the  ORR  polarization  curves  of 
W-N— C  catalyst  obtained  at  rotating  rate  range  from  900  to 
3000  rpm.  Typically,  the  reaction  seems  to  be  under  a  combined 
kinetic-diffusion  control  of  charge  transfer  and  mass  transport.  It  is 
shown  that  the  electrode  rotation  has  an  effect  on  the  reaction  rate  at 
lower  potentials  for  ORR.  According  to  the  Koutecky-Levich  equation 
and  plots  (the  inset  of  Fig.  4B)  [27],  the  electron  number  involved  in 
the  W-N-C  catalyst  for  ORR  is  2.3.  This  suggests  that  most  of  the 
molecular  oxygen  is  reduced  to  H2O2  via  a  two-electron  process.  The 
Tafel  slope  of  W-N-C  catalyst  derived  by  the  mass-transport 
correction  of  corresponding  RDE  data  (see  Fig.  4A)  is  shown  in 
Fig.  4C.  The  Tafel  slop  obtained  toward  the  ORR  is  90  mV  decade-1. 
The  durabilities  of  the  W-N-C  and  Pt/C  catalysts  were  compared  in 
Fig.  4D.  The  catalysts  were  held  at  0.4  V  for  20,000  s  in  oxygen- 
saturated  0.5  M  FI2SO4  solution  at  5  mV  s-1  and  900  rpm.  From  the 
Fig.  4D,  the  W-N— C  has  a  superior  durability  compared  to  the  Pt/C 
catalyst,  which  can  be  attributed  to  the  high  ratio  of  graphitic  N  of 
W-N-C  catalyst  [28].  The  above  results  suggest  that  the  W-N-C 
catalyst  exhibits  a  high  catalytic  activity  and  stability  for  ORR  in 
acid  media.  Further  optimization  of  preparative  parameters  of  the 
W-N— C  catalyst  is  under  way.  It  is  expected  that  the  performance  of 
the  catalyst  could  be  further  improved. 

4.  Conclusions 

A  novel  W-N— C  catalyst  for  ORR  was  successfully  synthesized 
by  the  pyrolysis  of  PANI-coated  WC  particles.  The  electrocatalytic 
performances  demonstrated  that  PANI  or  WC  alone  has  poor 


catalytic  activity,  while  W-N— C  catalyst  exhibits  an  excellent 
catalytic  activity  for  ORR.  The  W-N-C  catalyst  catalyzed  ORR  is 
a  two-electron  process.  This  W-N— C  catalyst  shows  a  promising 
application  in  PEMFCs.  This  work  essentially  offers  a  new  approach 
to  development  of  NPMCs  for  ORR. 
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